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ABSTRACT 
 Providing a safe and attractive playing surface should be the goal of every athletic 
field manager. Athletic field use is growing faster than budgets that maintain them. With 
the added use, there is extra demand on the playing surface, including wear and soil 
compaction. Developing turfgrass management that better maximizes the playing surface 
quality and safety is necessary. Soil compaction from repeated foot traffic can limit 
recovery and increase surface hardness. Many of the methods to eliminate surface 
hardness are limited to the off-season due to the amount of surface disruption. The 
Shockwave linear decompaction device offers a tool that has limited surface disruption, 
but can lower surface hardness and compaction. Research is lacking on how the 
Shockwave can be used as a tool for athletic field decompaction, and how the Shockwave 
compares to solid tine, hollow tine aerations, as well as an untreated control under 
simulated athletic field traffic.  
A two-year field study at Iowa State University was conducted with aeration 
treatments carried out in the summer months before simulated athletic traffic in the fall. 
Shockwave treatments of a single pass and double pass were also applied during the 
summer as treatments, and once during the traffic season. Research determined that the 
Shockwave used in one direction over the surface would provide a playing surface that 
performs as well as an athletic field treated with solid tine aeration during the off-season. 
This indicates that the Shockwave could be used as a tool to maintain safe and eye-
appealing playing surfaces.  
Pressure also exists from individuals to provide a natural grass playing surface 
with fewer inputs needed than currently used. Tall fescue requires fewer inputs than 
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Kentucky bluegrass, but research is lacking on what height of cut to maintain tall fescue 
at for an athletic field playing surface in Iowa. A two-year investigation was conducted to 
determine the optimum height of cut under simulated athletic traffic.  Results indicate the 
performance of the playing surface subjected to various height of cut will vary by year, 
but that there will be few differences in surface hardness, soil moisture and rotational 
resistance.        
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CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW 
Traffic Tolerance 
 Kentucky bluegrass has many traits that make it ideal for athletic field use.  The 
rhizome system is especially helpful for recovery from traffic (Christians, 2011).  While 
evaluating traffic tolerance in different cultivars of Kentucky bluegrass (Poa pratensis L.) 
compared to tall fescue (Festuca arundinacea Schreb.) and perennial ryegrass (Lolium 
perenne L), Minner et al. (1993) found that a great number of Kentucky bluegrass 
cultivars had excellent traffic tolerance while tall fescue and perennial ryegrass had far 
fewer cultivars with similar tolerance.   A study done in 2001 found that after one year of 
traffic, Kentucky bluegrass had better tolerance and recuperative potential than supina 
bluegrass (Poa supina Schrad.) however they also found that as the study went on the 
traffic tolerance of all species in the study increased (Sorochan et al., 2001). 
Athlete Safety 
Athletic field managers strive to provide a safe and fun playing surface (Brosnan 
and Deputy, 2009). Concussions have become the forefront of news articles regarding 
American football and soccer.  A concussion is a traumatic brain injury that affects brain 
function (Mayo Clinic, 2017). Many athletes have experienced concussions, and most 
have witnessed someone who has.  A study done by the Center for Disease Control 
(CDC) in 2012 found that 329,290 concussions were reported from sports and recreation 
(Yahtung et al., 2016).  According to USA Today, 281 concussions were reported in the 
NFL in 2017, the highest it has been in the last 6 years (Jones, 2018). When players 
contact the ground, there is a ground reaction force back on the athlete’s body (Nigg et 
al., 1987). Guskiewicz et al. (2000) reported that approximately 10% of concussions are 
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caused by an athlete’s head impacting the playing surface.   Harper et al. (1984) 
conducted a survey of high school’s football injuries in Pennsylvania and determined that 
20% of athlete injuries were possibly or definitely related to field conditions. 
Turfgrass Systems 
 Athletic field managers at all levels are facing growing demand for use of their 
fields.   The city of Broomfield in Colorado does an annual field use and demand analysis 
and found an increase of nearly 20% participation in all sports offered in the community.  
High Schools simply want to use their fields more often with more people while 
collegiate and professional stadiums want to host concerts, graduations, and other events 
on their fields on top of the regularly scheduled games.  This increased demand has led 
field managers to use different methods of management to keep the field in its best 
condition.  At higher levels such as professional and collegiate this means implementing 
a sand-based rootzone (Tim Van Loo, Iowa State University Athletic Field Manager, 
personal communication).  However, high schools generally don’t have the budget for 
this, leaving them with the cheaper option of leveling the ground that is already on site 
and making it an athletic field.  According to The Sports Turf Managers Association 
(STMA), a high quality sand-based football field would cost $580,000 while a native soil 
field would cost $335,000 (STMA, 2008). Sand-based rootzones have been widely 
adopted because of their ability to move water through the profile at a higher rate than 
soil and because sand doesn’t become compacted as easily as soil (Bertrand, 1965).  
Henderson et al. (2009) reported that sand-based rootzones have higher infiltration rates 
and resist increasing surface hardness slower than native soil even after traffic.  Despite 
the advantages of sand-based rootzones, many high schools simply can’t afford to 
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construct sand-based fields.  These fields when managed properly can still be high quality 
playing surfaces, and aerification is a large part of the proper management of these fields.  
Sand is used because of its single grain structure which does not deteriorate with 
compactive forces and maintains macroporosity and drainage (Bingaman and Kohnke, 
1970).  Henderson et al. (2009) found that Kentucky bluegrass grown on a sand-based 
rootzone wears out slower than rootzones with increasing amounts of silt and clay. 
Compaction Issues 
Soil compaction is the result of a loss of air-filled porosity (Dest et al., 2009). Soil 
compaction from repeated foot traffic is an issue that turf managers struggle to manage. 
As compaction increasees, there is a loss in turf cover and an increase in surface hardness 
(Bigelow and Soldat, 2013).  Previous research, found that 78% of all traffic on a football 
field occurs between the 40 yard lines and the hashmarks (Cockerham, 1989).  This area 
of increased traffic requires the greatest management in order to keep the surface safe for 
athletes.  Compaction is directly related to the bulk density of a soil, higher bulk densities 
mean more compaction.  Bowen (1981) generalized that a silt loam soil with a bulk 
density greater than 1.65 g cm⁻³ would inhibit root growth, while a bulk density greater 
than 1.80 g cm⁻³ would inhibit root growth on a sand loam soil.  This increase in 
compaction and decrease in root growth results in not only a harder surface, but also a 
loss of traction (Dest et al., 2009).      
Conventional Aerification 
Aerification is a method of increasing pore space and oxygen volume in the soil 
(Atkinson et al., 2012).  Aerification is a management practice that has been used for 
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decades (Turgeon and Fidanza, 2017). Spikers, generally a towable machine with star 
shaped blades that use ground speed to spin and spike the ground, were one of the first 
machines used and were generally used to speed drying of poorly drained soils (Turgeon 
and Fidanza, 2017).  This led to the use of bayonet tines, thin metal tines resembling 
knives, which would penetrate deeper into the soil than a spiker.  Eventually bayonet 
tines were replaced with long solid tines which could affect a greater area.  The open 
spoon aerifier was another piece of equipment that is still used today by managers who 
need a faster form of aerification and led to the development of hollow tine aerifiers, 
more specifically vertically operated hollow tine aerifiers such as the Toro Procore. 
(Turgeon and Fidanza, 2017).  
Vertically operated hollow-tine aerifiers have been extensively used for years on 
both golf courses and sports fields to manage compaction and organic matter.  Hollow 
tine aerification works to reduce bulk density and increase total porosity by removing a 
volume of soil, which in turn decreases compaction.  Klingenberg et al. (2013) reported 
that hollow-tine aeration treatments applied at different times of the year reduced bulk 
density from 1.59 g cm-³ to as low as 1.28 g cm-³. Previous research (Lodge and Baker, 
1993; Morhard and Kleisinger, 2004) has indicated limited timeframe for benefits from 
various aerification methods, with most effects being unnoticeable after 8-10 weeks. 
Therefore a need for in-season aerification exists.    
Shockwave Aerification 
The Imants Shockwave is a linear decompaction unit similar to the Vertiquake or 
Groundbreaker.  Very little research has been conducted to determine the effectiveness of 
these machines.  Regardless, the use of linear decompaction has become more common 
5 
 
in the United States because these machines claim to provide deep aerification effects 
while causing minimum surface disruption.  Slice aerification is the predecessor of these 
machines, in 1993 Wiecko et al. reported that slice aerification utilizing an Aerway slicer 
and a Ryan slicer decreased soil strength in the top five centimetersm however did not 
appear to decrease bulk density.  The Shockwave takes the basic idea of slice aerification 
and adds a kicking action in the soil by using offset blades to slice and fracture the soil at 
the same time. 
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CHAPTER 2. COMPARISON OF SHOCKWAVE AERIFICATION AND 
CONVENTIONAL AERIFICATION METHODS ON ATHLETIC FIELDS 
Modified from a paper to be published in the 
 Crop Science Society of America Journal 
T.O. Dalsgaard, A.W. Thoms Iowa State University, N. Christians Iowa State University, R. 
Horton Iowa State University 
Abstract1 
Concerns over injuries during sporting events are becoming more common and 
can cause detrimental effects to those affected. A new device, the Shockwave, offers 
hope to minimally disrupt the playing surface, but relieve soil compaction while 
potentially lowering surface hardness. However, data is lacking on how the Shockwave 
compares in relieving compacted soils compared with traditional aerification. The effects 
of hollow-tine (HT), solid tine (ST), and Shockwave aerification with a single pass 
(SW1) and double perpendicular pass (SW2) were investigated and compared to an 
untreated control (C) for surface hardness, surface stability, soil moisture, water 
infiltration, percent green cover, and bulk density on established Kentucky bluegrass 
[Poa pratensis L.] growing on a native soil maintained as an athletic field. Treatments 
were subjected to 25 simulated athletic traffic events using a modified Baldree traffic 
simulator in the fall of 2017 and 2018. One SW1 and SW2 treatment was applied during 
the simulated traffic season to mimic what a field manager might do to reduce 
compaction during the season while having minimal surface disruption. Control and ST 
treatments had the highest green cover on 24 of 28 rating dates in 2017 and 20 of 28 
                                                          
1 Reprinted with permission of CSSA Journal 
Timothy Dalsgaard and Dr. Adam Thoms, Department of Horticulture, Iowa State University 
Timothy Dalsgaard 
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rating dates in 2018. The HT treatments resulted in less green cover on 18 of 28 rating 
dates, while the SW2 resulted in lower green cover on 16 of 28 rating dates in 2017 and 
20 of 28 rating dates in 2018. Shockwave treatments resulted in lower surface hardness 
values compared to other treatments on many rating dates, indicating the Shockwave can 
reduce a playing surface hardness. No differences in soil physical properties (soil bulk 
density and total porosity) between treatments were found in this study. This research 
indicates that the Shockwave could replace Solid Tine in maintaining athletic fields.  
Introduction 
Kentucky bluegrass (Poa pratensis L.) is commonly used for athletic fields in 
cool-season climates due to its ability to tolerate traffic, provide surface stability from 
rhizomes, and its recuperative ability (Christians et al., 2016).   The rhizome growth habit 
of Kentucky bluegrass allows for higher recovery rates than other cool-season grasses, 
such as perennial ryegrass (Lolium perenne L.) and tall fescue (Festuca arundinacea 
Scherb.) (Christians et al., 2016).  The increased recovery rate also means greater traffic 
tolerance for Kentucky bluegrass compared to creeping bentgrass (Agrostis stolenifera 
L.) or fine fescues (Festuca spp.) (Minner and Valverde, 2005). 
Athlete safety has been at the forefront of most discussions regarding football, 
and concussions have become the main safety topic. In 2012, the Center for Disease 
Control stated that 329,290 concussions were reported from sports and recreation in the 
USA, a number that has doubled since 2001 (Yahtung et al., 2016). While not all of these 
injuries are related to field conditions, management practices can be used to reduce the 
potential of player-to-surface injuries (Guskiewicz et al., 2000).  High school football 
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fields may not be managed to the same high standard that collegiate or professional fields 
are managed.   
Foot traffic can cause compaction, increase surface hardness, and a loss of turf 
cover (Dest et al., 2009). Football fields have a similar pattern of high traffic. Cockerham 
(1989) determined that 78% of all foot traffic on a football field occurs between the 40-
yard lines and the hashmarks.  Inside this area of concentrated traffic, the soil becomes 
compacted and leads to a decrease in turf growth/recovery and an increase in soil 
compaction (Christians et al., 2016).  Both decreased growth and increased compaction 
have been found to reduce field safety and increase injury rates (Bigelow and Soldat, 
2013). Compacted soils also tend to have higher soil moisture and lower water infiltration 
rates than non-compacted soils, which can result in lower athlete traction (Dickson et al., 
2017).  
Athletic field mangers use numerous techniques to ensure safer playing surface 
conditions for athletes. Commonly, these include proper mowing heights, traffic tolerant 
cultivars, proper watering, fertility, weed control, and sand-based rootzones (Christians et 
al., 2016). Highly compacted rootzones, as a result of concentrated foot traffic, will result 
in a loss of turfgrass cover and a higher incidence of weeds (Dest et al., 2009). 
Aerification has been well documented as a method of relieving compaction by creating 
holes in the soil (Straw et al., 2016).  This process allows air into the soil and decreases 
the bulk density of the soil (Klingenberg et al., 2013).  Aerification does not require a lot 
of surface disruption (Cockerham et al., 1993) small tines or blades that are small enough 
to leave minimal surface disruption can still allow air into the rootzone. Hollow-tine 
aerification has been reported to decrease bulk density on creeping bentgrass (Atkinson et 
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al., 2012; Klingenberg et al., 2013; Parsons et al., 2010).  Additionally, hollow-tine 
aerification can allow for topdressing, adding sand or compost to the rootzone.  Which 
over time, can change the soil texture of a rootzone. Prämaßing et al. (2009), reported 
that solid tine aerification reduced compaction as well as decreased the bulk density of 
the soil.  Bulk density was shown to decrease from 1.52 g cm-3 to 1.37 g cm-3 for solid 
tine aeration (Prämaßing et al., 2009).  Prämaßing et al. (2009) also reported that solid 
tine treatments increased total porosity of the soil from 44.4% to 53.4%. One negative 
aspect of solid tine aerification is that it can lead to a compaction layer at the base of the 
solid tine holes.  This compacted layer may limit turfgrass root growth. 
Athletic Field Traffic Simulators 
Repeated simulated athletic traffic is necessary to mimic what happens on athletic 
fields. Athletic field traffickers should be designed to compact the soil and shear leaf 
tissue (Kowalewski et al., 2015). These machines should also be able to mimic an athletic 
field type level of traffic (Kowelewski et al., 2013). The Brinkman traffic simulator has 
been extensively used in the past to simulate athletic field traffic (Minner and Valverde, 
2005; Rutledge, 2005; Williams et al., 2010). The Brinkman traffic simulator will impact 
wear and soil compaction through rolling (Cockerham and Brinkman, 1989). Henderson 
et al. (2005) used methods to quantify the simulated traffic of the Cady traffic simulator. 
The Cady traffic simulator compacts the soil and tears leaf tissue at an intense rate while 
the Brinkman traffic simulator needs 10 passes to impart the same wear as the Cady 
traffic simulator (Vanini et al., 2007). The Baldree Traffic Simulator was developed as a 
more durable substitute for the Cady traffic simulator (Kowelewski et al., 2013).  The 
Baldree traffic simulator (BTS) is an aerification unit with fabricated, spring loaded steel 
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plate feet studded with cleats (Koweleski et al., 2015).  With the tine spacing on the 
aerification unit set to 5.08 cm, the machine produced 667 cleat marks per square meter  
which is similar to the highest wear area of a football field (Cockerham and Brinkman, 
1989; Henderson et al., 2005). The modified BTS has been used to conduct several 
simulated traffic experiments (Thoms et al., 2016, Dickson et al., 2017). 
Aerification Methods 
The Shockwave from Imants is a linear decompaction unit that utilizes offset 
blades up to 25.4 cm in length to fracture the soil. The offset mounting of the blades 
allows the blades to kick the soil side-to-side as the machine travels the surface of the 
field.  This kicking action causes the fracturing of the soil, adding additional aerification 
to the slicing from the blades. This additional movement of the soil is below the surface, 
keeping the surface disruption to only the width of the blades. The machine leaves 
minimal surface disruption while providing potential aerification benefits down to 25.4 
cm. This minimal surface disruption could result in better in-season compaction relief. 
Currently, research is lacking on whether the Shockwave provides any benefits to athletic 
field safety or performance in terms of better rooting in response to aerification, lower 
surface hardness values, and better recovery after the playing season.   
The objectives of this research are to determine whether the Shockwave is a 
viable method of reducing soil compaction, and increasing the performance of athletic 
fields by comparing Shockwave aerification to Solid Tine and Hollow Tine aerification 
methods as well as no aerification methods.   
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Materials and Methods 
Research was conducted during the 2017 and 2018 growing seasons at the Iowa 
State University Horticulture Research Station on the Sports Turf Research Field in 
Ames, Iowa.  Plots were grown on a disturbed native soil (Clarion Loam) rootzone with 
established Kentucky bluegrass ‘Rush’. The same plots were used in both years of the 
study.    
Plot Maintenance 
  The study was maintained with a rotary mower (John Deere Z955; John Deere, 
Moline, IL) at a 5.08 cm height of cut three times per week during the growing season.  
Turfgrass nutrients were supplied monthly from April to October with a 28-0-3 nitrogen-
phosphorous-potassium fertilizer at 24 kg of nitrogen ha-1. A preemergence herbicide 
(Barricade) was applied on 15 April 2017 and 20 April 2018.  Plots were irrigated when 
soil moisture levels decreased to 30 percent volumetric soil moisture, as determined by a 
Time Domain Reflectance (TDR) sensor with 7.62 cm long tines. Plots were allowed to 
recover after the 2017 simulated traffic, with no additions of seed. Experimental unit was 
23 m by 9 m.  
Treatments 
The experimental design was a randomized block with three replications. 
Decompaction treatments included hollow-tines (HT) [1.27 cm inside diameter], solid 
tines (ST) [1.27 cm outside diameter], Shockwave one direction (SW1) over the plot, 
Shockwave two directions (SW2) the second pass was perpendicular to the first, and an 
untreated control (C) [no aeration].  Both HT and ST treatments were applied with a Toro 
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Procore 648 (The Toro Co., Minneapolis, MN) with tine depth on setting F for a depth of 
7.62cm and set on a 5.08 cm by 5.08 cm spacing.  HT cores were left on the surface of 
the plot and chopped up with the next mowing. No topdressing material was applied at 
any time. All decompaction treatments were applied on 20 June, 20 July, and 20 August 
in 2017 and 2018.  Both Shockwave treatments received an additional application on 10 
September 2017 and 2018.  The additional Shockwave application was possible due to 
the minimal surface damage and could be used during the athletic season.  Both HT and 
ST treatments cause too much surface disruption to be used during an athletic season.  
Shockwave treatments were applied with an Imants Shockwave 210 (Campey Turf Care 
Systems, Marton, UK) set at full working depth 25.4 cm. The Shockwave was powered 
with a John Deere tractor (4066R, Moline, IL) with flotation tires.     
Simulated Traffic 
  Simulated traffic was applied to the entire study using a modified Baldree traffic 
simulator (BTS) similar to Dickson et al. (2017).  The BTS is a modified aerator (Procore 
648, The Toro Co., Minneapolis, MN) with artificial feet attached to the heads instead of 
tines.  These feet reciprocate and hit the turfgrass surface while the machine moves, 
simulating the dynamic forces of traffic stress (Thoms et al., 2011).  The BTS provides a 
trafficking width of 1.2 meters and 667 cleat marks per square meter.  Two passes with 
the BTS applies the same number of cleat marks per square meter that would be present 
after a single National Football League game between the hashmarks at the 40 yard line 
(Dickson et al., 2017). Traffic was applied five times a week following the Iowa High 
School Football Season practice schedule starting on 7 August 2017 and 10 August 2018.  
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Traffic applications continued for 6 weeks until less than 5% turfgrass green cover 
remained as determined with digital image analysis.  
Data Collection 
The assessments of traffic tolerance were made by measuring percent green cover 
(Richardson et al., 2001) with digital image analysis (DIA) before simulated traffic and 
after every simulated traffic event similar to previous studies (Thoms et al., 2011; 
Brosnan and Deputy, 2009). The digital images were captured with a Canon (G9X, Ota, 
Tokyo, Japan) digital camera using a light box described by Thoms et al. (2011). DIA can 
provide quantitative measurements of turfgrass cover while removing observational bias 
(Karcher, 2007).  Digital images were taken at the same three locations of each plot to 
track changes over time and were run through SigmaScan Pro software (v. 5.0; SPSS, 
1999) which converted image pixelation measurements to turfgrass cover ratings, 
according to the methods of Richardson et al. (2001).  Green pixels were determined 
inside a hue range of 51 to 120 and saturation range from 0 to 100%.  The computer 
calculates turfgrass cover by dividing the number of green pixels by the total number of 
pixels in the image. 
A large focus of athletic field safety is testing surface hardness. The harder the 
surface, the greater the likelihood of a head injury. Surface hardness data were collected 
using a 2.25 kg Clegg Impact Soil Tester (Turf Tec, Tallahassee, FL) (CIST) released 
from a drop height of 45 cm. Surface hardness values were tested before simulated 
traffic, and throughout the duration of simulated athletic traffic after every five simulated 
games. The CIST measures peak deceleration in a unit called gravities with the maximum 
gravities (GMAX) reported from deceleration of an accelerometer contacting the surface. 
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This device can give an indication of surface hardness and is commonly used to test 
athletic fields (Thoms et al., 2016). The harder the surface the faster the deceleration. A 
CIST reading is the average of three random drops. A total of three CIST readings were 
determined per plot on every testing date.         
Soil moisture has been reported to have a high correlation with surface hardness 
(Rogers III, 1988) with low soil moisture correlating to high surface hardness.  Soil 
moisture data were collected with a time domain reflectometer probe (TDR, Field Scout, 
Bridgend, UK).  The TDR was equipped with 7.62 cm tines.  Nine water content values 
were collected in each plot next to the spots where surface hardness data were collected.   
Rotational resistance is the force needed to tear the turfgrass.  Rotational 
resistance values that are too high can cause lower extremity injuries because the grass 
will not tear as easily, while rotational resistance values that are too low can cause 
athletes to be unable to gain footing and may again cause injuries (Aldahir and McElroy, 
2014).  Rotational resistance data were collected using a Shear Vane (Turf Tec, 
Tallahassee, FL), similar to how the National Football League tests the playing surface 
before each game. The shear vane tool is used by pushing the cleat at the bottom of the 
device into the ground and twisting with the provided torque wrench. The peak resistance 
of the torque wrench (Nm) is recorded. Three random locations were tested in each plot.   
At the conclusion of simulated traffic, soil water infiltration rates were measured 
in the field using double ring infiltrometers (Turf Tec, Tallahassee, FL). Three random 
locations were tested in each plot by using the falling head measurement technique 
(Klingenberg et al., 2013).   
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Soil physical analysis properties were also tested at the conclusion of the 
simulated traffic each year. Five random soil cores with volumes ranging from 70 to 112 
cm3 were taken in each plot, and total porosity as well as bulk density were determined 
on each core.  Each collected core was saturated and then placed in an extractor vacuum 
for eight hours to pull water into all of the pore space in the rootzone.  Saturated weight 
in grams was measured with the cores removed from the plastic sampling tubes.  After a 
saturated weight was obtained, the cores were placed in a drying furnace set at 105° C to 
dry for 24 hours, the cores were removed and a dry mass was determined.  Cores were 
analyzed for bulk density (Db) and total porosity (TP) according to previously published 
methods (Booltink and Bouma, 2002; Ferguson et al., 1960; Flint and Flint, 2002; 
Grossman and Reinsch, 2002; Nelson and Sommers, 1996; Uhland, 1950) All data were 
analyzed using SAS (SAS 9.3; SAS Institute, 2002).  All treatment means were separated 
using Fishers LSD at the P≥0.05 level of significance. A significant year-by-treatment 
interaction was present, so data are presented by year.  
Results and Discussion 
Percent Green Cover 
A date-by-treatment interaction was present (Table 1.1), and individual sampling 
dates are presented. In both years of the study, turfgrass green cover varied by treatment 
on 25 of 28 rating dates. Control and ST treatments had the highest green cover on 24 of 
28 rating dates in 2017. While SW1 treatments were not different from the C and ST 
treatments on 16 of 28 rating dates in 2017. The HT treatments resulted in less green 
cover on 18 of 28 rating dates, while the SW2 resulted in lower green cover on 16 of 28 
rating dates in 2017. After 5 simulated traffic events the C, ST, and SW1 had 35% higher 
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green cover (95, 94, and 90%, respectively) than the HT (60%) in 2017. After 10 
simulated traffic events C, ST, and SW1 had 30% higher green cover (93, 83 and 86% 
respectively) than the HT (67%) in 2017.  After 15 simulated traffic events C, ST and 
SW1 had 38% higher green cover (59, 56, and 49% respectively) than HT (36%) and 
SW2 (39%).  After 20 simulated traffic events C had 20% higher green cover (50%) than 
HT (40%) and SW2 (39%).  Solid tine also had higher green cover (47%) than SW2 
(39%).  After 25 simulated traffic events C, SW1 and ST had 23% higher green cover 
(41, 41, and 42% respectively) than SW2 (32%).  
In year two of the study, C and ST treatments had the highest percent green cover 
on 20 of 28 rating dates.  While SW1 treatments were not different on 15 of 28 rating 
dates.  The HT and SW2 treatments resulted in less green cover on 20 of 28 rating dates.  
After 5 simulated traffic events C and ST had 55% higher green cover (81 and 84% 
respectively) than HT (35%), SW1 (70%) and SW2 (56%).  After 10 simulated traffic 
events, ST and C had 42% higher green cover (47 and 40% respectively) than HT (34%), 
SW1 (39%) and SW2 (27%).   After 15 simulated traffic events, ST had 30% higher 
green cover (26%) than SW2 (18%).   After 20 simulated traffic events, ST had 33% 
higher green cover (24%) than SW2 (16%).   After 25 simulated traffic events, all 
treatments were statistically similar. 
 The loss of cover was much greater in 2018 than in 2017 due to the greater 
amounts of soil moisture present (Table 1.2). This is similar to what Dickson et al. (2017) 
reported. Higher amounts of soil moisture results in a greater loss of turf cover with every 
simulated traffic event. Thoms et al. (2011) also reported that higher amounts of soil 
moisture resulted in a greater loss of turf cover. Sand-based rootzones have been reported 
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to increase turfgrass performance under higher moisture levels as compared to native soil 
athletic fields (Thoms et al., 2016).     
Soil Moisture 
  Differences in soil moisture existed between treatments on 4 of 5 rating dates in 
2017 and 3 of 5 rating dates in 2018. Hollow-tine treatments had the lowest soil moisture 
content after 5, 15, 20, and 25 simulated games (30.6%, 23.4%, 53.1% and 50.6% 
respectively) in 2017. Both the SW1 and SW2 treatments were similar in soil moisture to 
the C and ST treatments in 2017 (Table 1.2).  
In 2018 after 5 simulated traffic events, both SW1 and SW2 resulted in lower soil 
moisture (47.3 and 47.9% respectively) than all the other treatments. After 15 simulated 
traffic events HT had lower soil (43.0%) moisture than other treatments. After 30 
simulated traffic events there were no differences in soil moisture between HT, SW1, and 
SW2. Higher soil moisture values can wear an athletic field’s turf more than a dry field 
(Dickson et al., 2018). The ability to maintain a lower soil moisture would improve the 
ability of the field to better withstand traffic.   
Surface Hardness 
Surface hardness data collected with a Clegg Impact Soil Tester (CIST) 
demonstrated differences after 5, 15 and 20 traffic events (Table 1.4).  In year one after 
five traffic events, HT treatments provided the lowest surface hardness values (37), 32% 
lower than the hardest surface.  After 15 traffic events HT had the highest surface 
hardness values (162), and SW2 had the lowest surface hardness (102), a 37% decrease.  
After 20 traffic events SW2 had the lowest surface hardness (50), 30% lower than the 
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hardest surface.  All treatments had similar surface hardness values on all other rating 
dates. 
In year two, differences for surface hardness were present between treatments on 
three of the six rating dates (Table 1.4). After five simulated traffic events HT had the 
lowest surface hardness, 14% lower than the hardest surface. After ten simulated traffic 
events SW1, ST, and C all had a lower surface hardness (95, 94, and 91) than SW2 (105). 
After 20 simulated traffic events, the SW1 had the lowest surface hardness (75), 16% 
lower than the hardest surface.  After 25 traffic events all treatments were similar.  After 
28 simulated traffic events SW1 had the lowest surface hardness (51), 10% lower than 
the hardest surface.   Shockwave was in the lower surface hardness statistical grouping on 
most dates. This indicated that Shockwave could help limit increases in surface hardness 
from repeated foot traffic. 
Rotational Resistance 
Rotational resistance was measured using a shear vane tool which reports the 
force needed to tear the turfgrass plants.  Significant differences were found for rotational 
resistance between treatments after 5, 10, 20 and 25 traffic events in year one (Table 1.3).  
After five traffic events, HT had the lowest rotational resistance (13.0 Nm).  After 10 
traffic events, C and SW2 had similar resistance (23.0 Nm and 22 Nm respectively) 
however, C offered greater resistance than HT, SW1 and ST (19.8 Nm, 19.8 Nm, and 
19.7 Nm).  After 20 simulated traffic events SW1 had higher resistance (20.0 Nm) than 
SW2 (17.5 Nm).  After 25 simulated traffic events ST had higher resistance (22.3 Nm) 
than HT (19.8 Nm).  All treatments had similar rotational resistance on all other rating 
dates. 
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In 2018, after 5 traffic events HT had the lowest rotational resistance (13.2 Nm) 
and was statistically similar to SW2 (14.4 Nm).  All treatments had similar values on all 
other rating dates. There is no published acceptable range for rotational resistance values 
with this device for Kentucky bluegrass.  Stier and Rogers III (2001) proposed that values 
collected with the Eijkelkamp shear apparatus above 20 Nm were exceptions, while 
values less than 10 Nm were considered poor. Anything from 10 to 15 were considered 
fair and 15 to 20 was good (Stier and Rogers III, 2001). The TurfTec device used here is 
similar to the device used by Stier and Rogers III (2001), thus many of the ratings are 
deemed fair to good in this study.    
Soil Physical Properties 
Soil physical properties (bulk density and total porosity) were tested at the 
conclusion of the study each year. No differences were found between treatments for any 
variable tested (Table 1.5). After simulated traffic in 2017, soil bulk density values 
ranged from 1.37 g cm-3 for the control to 1.30 g cm-3 for the SW1. In 2018, the HT 
treated plots had a bulk density of 1.31 g cm-3 to SW2 with a bulk density of 1.37 g cm-3.  
No differences were found between any treatments tested for total porosity in either year 
of the study. The United State Department of Agriculture (Anonymous, 2008) reports that 
soils with a bulk density <1.60 g cm-3 are ideal for plant growth, and the root growth 
would be restricted above 1.80 g cm-3. All treatments in this study were less than the 1.60 
g cm-3 which would be ideal for root growth and not be detrimental to plant growth or 
recovery.  These results are also similar to those in a study conducted by at Mississippi 
State University, in which reported that the majority of treatments had bulk density 
values lower than 1.4 g cm⁻³ on a native Oktibbeha sandy clay loam (Craft et al., 2017). 
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Ponded Water Infiltration Rates 
 Ponded water infiltration rates were also tested at the conclusion of simulated 
traffic for both years with a double ring infiltrometer. Differences existed between 
treatments in the first year of the study. In 2017, SW1 (5.08 cm hr-1) treated plots had a 
larger rate of water infiltration compared to all other treatments except HT (3.45 cm hr-1).  
No differences were detected after the second year of testing on the plots. Goddard 
(2006) and Thoms et al. (2011) did not measure regular differences between treatments 
for ponded infiltration rates on plots that had received simulated athletic field traffic.   
Conclusion 
 These results indicate that ST aeration in the off-season offers the greatest 
turfgrass performance and lowest surface hardness values under simulated athletic traffic. 
However, the SW1 did not differ from the ST in many of the variables tested. This 
indicates that SW1 is a viable option to reduce surface hardness, and increase turfgrass 
performance under athletic traffic. The ability of the Shockwave to be used during the 
season, as was done once, in this experiment should be noted as an option for turfgrass 
managers. SW2 and HT aeration without topdressing in the off-season are too aggressive 
to promote increased turfgrass performance under simulated athletic field traffic. The 
addition of topdressing material would have helped speed up the recovery of the HT 
plots, but that is often not done at lower budget athletic field facilities. Additional 
research is needed to investigate how often during the season the Shockwave can be used 
in one direction to help improve the safety and performance of athletic fields under 
traffic. Future studies should also be conducted to investigate if the Shockwave can be 
used in place of small solid tines during the season to help alleviate traffic stress.    
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Table 1.2 Soil moisture for 'Rush' Kentucky bluegrass subjected to 
simulated athletic field traffic events in Ames, IA, in 2017 and 2018. 
 Traffic Events¹ 
Cultivation 
Method 
5⁷ 15 20 25 28 
                                      2017 Volumetric Water Content (%) 
Control² 41 31 60 54 44 
Hollow³ Tine 31 23 53 51 42 
Shockwave⁵ 35 20 55 51 42 
Shockwave 
X2⁶ 
38 24 58 50 43 
Solid Tine⁴ 36 27 56 52 43 
LSD (0.05)⁸ 3.6 5.8 5.8 2.9 2.5 
 2018 Volumetric Water Content (%) 
Control² 49 45 41 40 42 
Hollow³ Tine 49 43 40 39 39 
Shockwave⁵ 47 45 40 39 41 
Shockwave 
X2⁶ 
48 44 40 40 40 
Solid Tine⁴ 50 46 41 40 43 
LSD (0.05)⁸ 1.6 2 2.4 2.8 1.5 
  1Simulated athletic events applied using a modified Baldree traffic simulator starting on 
 7 Aug. 2017 and 10 Aug. 2018. 
²Control treatments did not receive any cultivation treatments in either year of the study.   
³Hollow Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine on 
7.62 cm by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 August 2017 and 20 June 
2018, 20 July 2018, and 23 Aug. 2018.  
⁴Solid Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine 
on7.62 cm by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 Aug. 2017, and 20 June 
2018, 20 July 2018, and 23 Aug. 2018.  
⁵Shockwave 1x treatment received one pass of the Shockwave set at 25 cm depth on 20 June 
2017, 20 July 2017, 23 Aug. 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 
2018, and 12 Sept. 2018.  
⁶Shockwave 2x treatment received two passes of the Shockwave set at 25 cm depth on 20 June 2017, 20 
July 2017, 
 23 August 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 2018, and 12 Sept. 2018.   
⁷Volumetric water content was determined with a time domain reflectometry probe with 7.62 cm depth. 
  ⁸Means were separated using Fishers LSD. 
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Table 1.3 Rotational resistance for 'Rush' Kentucky bluegrass subjected to simulated 
athletic field traffic events in Ames, IA, in 2017 and 2018. 
 Traffic Events¹ 
 
Cultivation 
Method 
5⁷ 10 15 20 25 28 
 2017 Rotational Resistance (Nm) 
Control² 19.8 22.9 16.7 17.9 20.9 23.0 
Hollow³ Tine 13.1 19.7 14.6 19.2 19.8 22.6 
Shockwave⁵ 18.9 19.8 16.6 20.1 21.2 22.8 
Shockwave X2⁶ 20.3 21.6 13.5 17.5 21.3 24.4 
Solid Tine⁴ 18.6 19.7 13.5 19.2 22.3 24.2 
LSD (0.05)⁸ 4.7 2.5 5.9 2.5 2.4 2.4 
 2018 Rotational Resistance (Nm) 
Control² 15.5 23.3 19.1 23.3 18.0 16.8 
Hollow³ Tine 13.2 20.8 16.9 20.7 17.7 16.3 
Shockwave⁵ 15.4 19.9 18.0 21.2 20.8 19.0 
Shockwave X2⁶ 14.4 20.2 18.2 22.6 19.5 18.6 
Solid Tine⁴ 15.6 24.7 17.2 21.7 19.1 19.7 
LSD (0.05)⁸ 1.4 4.8 3.9 4.8 3.6 3.6 
   1Simulated athletic events applied using a modified Baldree traffic simulator starting on 7 Aug. 2017 and 
10 Aug. 2018. 
²Control treatments did not receive any cultivation treatments in either year of the study.   
³Hollow Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine on 7.62 cm 
by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 August 2017 and 20 June 2018, 20 July 2018, 
and 23 Aug. 2018.  
⁴Solid Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine on7.62 cm by 
7.62cm spacing on 20 June 2017, 20 July 2017, and 23 Aug. 2017, and 20 June 2018, 20 July 2018, and 
23 Aug. 2018.  
⁵Shockwave 1x treatment received one pass of the Shockwave set at 25 cm depth on 20 June 2017, 20 
July 2017, 23 Aug. 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 2018, and 12 Sept. 
2018.  
⁶Shockwave 2x treatment received two passes of the Shockwave set at 25 cm depth on 20 June 2017, 20 
July 2017, 
 23 August 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 2018, and 12 Sept. 2018.   
⁷Rotational resistance was determined with a Shear vane. 
  ⁸Means were separated using Fishers LSD. 
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Table 1.4 Surface hardness for 'Rush' Kentucky bluegrass subjected to simulated 
athletic field traffic events in Ames, IA, in 2017 and 2018. 
 Traffic Events¹ 
 
Cultivation 
Method 
5⁷ 10 15 20 25 28 
 2017 Surface Hardness (Gmax) 
Control² 55 90 135 59 101 79 
Hollow³ Tine 37 99 162 72 83 85 
Shockwave⁵ 53 105 116 65 84 77 
Shockwave X2⁶ 46 99 102 50 83 79 
Solid Tine⁴ 53 100 138 68 89 78 
LSD (0.05)⁸ 7 18 19 11 30 10 
 2018 Surface Hardness (Gmax) 
Control² 50 91 67 83 68 54 
Hollow³ Tine 43 99 72 87 69 55 
Shockwave⁵ 47 95 64 75 70 51 
Shockwave X2⁶ 48 105 70 90 71 57 
Solid Tine⁴ 49 94 65 83 70 57 
LSD (0.05)⁸ 1 5 4 5 4 4 
   1Simulated athletic events applied using a modified Baldree traffic simulator starting on 7 Aug. 2017 and 
10 Aug. 2018. 
²Control treatments did not receive any cultivation treatments in either year of the study.   
³Hollow Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine on 7.62 
cm by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 August 2017 and 20 June 2018, 20 July 
2018, and 23 Aug. 2018.  
⁴Solid Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine on7.62 cm 
by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 Aug. 2017, and 20 June 2018, 20 July 2018, 
and 23 Aug. 2018.  
⁵Shockwave 1x treatment received one pass of the Shockwave set at 25 cm depth on 20 June 2017, 20 
July 2017, 23 Aug. 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 2018, and 12 
Sept. 2018.  
⁶Shockwave 2x treatment received two passes of the Shockwave set at 25 cm depth on 20 June 2017, 20 
July 2017, 
 23 August 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 2018, and 12 Sept. 2018.   
⁷Surface hardness was determined with a 2.25 kg Clegg impact soil tester.  
  ⁸Means were separated using Fishers LSD. 
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Table 1.5 Soil physical properties for 'Rush' Kentucky bluegrass subjected to 
simulated athletic field traffic events in Ames, IA, in 2017 and 2018.  
Cultivation 
Method 
Bulk Density Total Porosity Infiltration⁶ 
(in hr-1) 
 2017 Soil Physical Properties 
Control¹ 1.37 48 0.81 
Hollow² 1.30 50 1.36 
Shockwave⁴  1.32 51 2.00 
Shockwave X2⁵ 1.32 51 0.53 
Solid³ 1.37 50 0.94 
LSD⁷ 0.09 3.1 0.96 
 2018 Soil Physical Properties 
Control¹ 1.33 62 0.29 
Hollow² 1.31 56 0.24 
Shockwave⁴  1.35 56 0.55 
Shockwave X2⁵ 1.37 57 0.41 
Solid³ 1.33 65 0.25 
LSD⁷ 0.11 13.8 0.46 
 
¹Control treatments did not receive any cultivation treatments.  
³Hollow Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine on 
7.62 cm by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 August 2017 and 20 June 
2018, 20 July 2018, and 23 Aug. 2018.  
⁴Solid Tine treatments were applied using a Toro Pro Core 648 with a 1.27cm diameter tine 
on7.62 cm by 7.62cm spacing on 20 June 2017, 20 July 2017, and 23 Aug. 2017, and 20 June 
2018, 20 July 2018, and 23 Aug. 2018.  
⁵Shockwave 1x treatment received one pass of the Shockwave set at 25 cm depth on 20 June 
2017, 20 July 2017, 23 Aug. 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 
2018, and 12 Sept. 2018.  
⁶Shockwave 2x treatment received two passes of the Shockwave set at 25 cm depth on 20 June 2017, 
 20 July 2017, 23 August 2017, and 12 Sept. 2017, and 20 June 2018, 20 July 2018, 23 Aug. 2018, and 12 
Sept. 2018.   
⁶Infiltration as determined with Double Ring Infiltrometer after the conclusion of 30 simulated athletic 
field traffic 
 with a modified Baldree traffic simulator.  
  ⁷Means were separated using Fishers LSD. 
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CHAPTER 3. GENERAL CONCLUSIONS 
 
Turfgrass performance as judged by percent green cover varied by year and 
treatment, and as a result there were differences in percent green cover on 25 of 28 rating 
dates. Control and ST treatments had the highest green cover on all but four rating dates. 
The SW1 had the same amount of green cover as the C and ST on 16 of the rating dates 
in 2017.  HT and SW2 were often in the lower percent green cover statistical grouping in 
2017. In 2018 the C and ST treatments had the highest green cover on 20 of the rating 
dates, while the SW1 was not different from the highest cover grouping on 15 of the 
rating dates. Again HT and SW2 had lower percent green cover ratings on 20 of the 
rating dates in 2018. These results indicate that C, ST, and SW1 all had increased 
turfgrass performance as measured by percent green cover as opposed to SW2 and HT 
treatments.  
Few differences existed or were consistent between treatments for soil moisture, 
total porosity, soil bulk density, and rotational resistance. Plots treated with the 
Shockwave were typically in the lower surface hardness statistical grouping on most 
dates. This indicated that the Shockwave could help limit increases in surface hardness 
from repeated foot traffic. 
These results indicated that ST aeration in the off-season offered the greatest 
turfgrass performance (as judged by percent green cover) and lowest surface hardness 
values under simulated athletic traffic. However, SW1 did not differ from ST in many of 
the variables tested. This indicated that the SW1 could offer a viable option to reduce 
surface hardness and increase turfgrass performance under athletic traffic. The ability of 
the Shockwave to be used during the season, as was done once in this experiment without 
34 
 
disrupting too much surface area, should be noted as an option for turfgrass managers in 
high use situations. SW2 and HT aeration without topdressing in the off-season were too 
aggressive to promote increased turfgrass performance under simulated athletic field 
traffic. Although the addition of topdressing material could help speed up the recovery of 
the HT plots, it is often not done at low budget athletic field facilities.  
Additional research is needed to investigate how often during the season the 
Shockwave can be used in one direction to help improve the safety and performance of 
athletic fields under traffic. Future studies should also be conducted to investigate if the 
Shockwave can be used in place of small solid tines during the season to help alleviate 
traffic stress, as well as the effect of varying fertility rates on the performance of athletic 
fields subjected to these various cultivation treatments.      
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APPENDIX  ADDITIONAL RESULTS: TALL FESCUE MOWING HEIGHT 
EFFECTS UNDER SIMULATED ATHLETIC FIELD TRAFFIC 
Literature Review 
 Athletic field managers often struggle with maintaining high quality athletic fields 
because of high use rates and limited budgets to supply enough inputs. Athletic field 
turfgrasses must survive frequent and damaging foot traffic (Minner et al., 1993). Many 
previous research projects have investigated traffic stress tolerance in turfgrasses (Adams 
and Gibbs, 1989; Bonos et al., 2001, McNitt and Landschoot, 2001; Minner et al., 1993; 
Trappe et al., 2008; Thoms et al., 2011; Williams et al., 2010; Haselbauer et al., 2012). 
Shearman and Beard (1975a) investigated seven different species of turfgrasses under 
simulated traffic, and determined significant traffic tolerance differences between 
species, with ‘Manhattan’ perennial ryegrass (Lolium perenne L.) being the most traffic 
tolerant. Previous research indicated tall fescue (Festuca arundinacea Schreb) can 
withstand the rigors of athletic field foot traffic (Minner et al., 1993). Gramckow (1968) 
reported that bermudagrass (Cynodon dactylon L.) absorbed more energy than cool-
season turfgrasses tall fescue and Kentucky bluegrass (Poa pratensis L.). Tall fescue 
(18.6%) has been reported to have higher amounts of schlerenchyma cells than rough 
bluegrass (Poa trivialis L.) [8.9%], which could lead to tall fescue traffic tolerance 
(Shearman and Beard, 1975c).  
In addition to traffic tolerance, tall fescue also requires fewer management inputs 
such as irrigation, nitrogen, and less organic matter management than other cool-season 
turfgrasses (Christians et al., 2017). Limitations exist with utilizing tall fescue however as 
a turfgrass playing surface. A bunch-type growth habit, limited cold tolerance, wide leaf 
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blade, and susceptibility to brown patch (Rhizoctonia solani) (Christians, 2011) have 
limited the adaptation of athletic fields to tall fescue somewhat small in numbers. Newer 
cultivars offer solutions to many of these concerns, however management of tall fescue as 
an athletic playing surface in Iowa is still somewhat of a question.    
 Coaches often want a shorter height of cut maintained in a belief that players can 
run faster on a lower height of cut. However, Gramckow (1968) reported that as the 
height of cut was lowered the peak deceleration (Gmax) increased. Rogers III (1988), 
reported that cutting height did not change peak deceleration with a Clegg Impact Soil 
Tester (CIST) for various cutting heights on tall fescue when using the 2.25 and 4.5 kg 
hammer. When the CIST was equipped with the 0.5 kg hammer, tall fescue peak 
deceleration was lowered as cutting height increased (Rogers III, 1988). Repeated foot 
traffic will result in wear stress to the turfgrass foliage as well as soil compaction 
(Carrow et al., 1992). A loss of turfgrass cover and increased soil compaction or bulk 
density can result in an increased chance of an athlete suffering a brain trauma or lower 
leg injury (Gadd, 1966; Gurdjian et al., 1966; Griffin et al., 2006). A loss of cover will 
result in increased peak deceleration (Gmax) due to soil compaction (Brosnan et al., 
2014). Henderson et al. (1990) found higher surface hardness readings on bare soil as 
opposed to soil covered with Kentucky bluegrass. Although there is general belief is that 
managing turfgrass at a shorter height of cut will result in an increased loss of cover 
under repeated foot traffic, more research is needed on developing an optimum sports turf 
height of cut for tall fescue.        
 Various cutting heights can also change the traction for an athlete. Middour 
(1992) found no differences between three different cutting heights of four species of 
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turfgrass including tall fescue on rotational traction. However, Middour (1992) did note 
that linear traction increased as cutting height decreased. Another study used an 
Eijkelkamp shear apparatus to evaluate traction of tall fescues kept at different heights of 
cut, and did not see any significant differences in traction (Rogers III and Waddington, 
1989).  Verdure, or the amount of turfgrass foliage left after mowing (Beard et al., 1973), 
has been investigated to see if increased turfgrass density can improve traction. Verdure 
either wet or dry had no effect on traction of tall fescue according to McNitt (1994). 
However, Rogers III and Waddington (1989) reported with less verdure there were lower 
traction values and that bare soil offered less traction than when verdure was removed.            
Objective 
The objective of this study was to determine the optimum cutting height for tall 
fescue to maximize turfgrass performance and safety under simulated traffic conditions. 
Materials and Methods 
Research was conducted during the 2017 and 2018 growing seasons at the Iowa 
State University Horticulture Research Station on the Sports Turf Research Field in 
Ames, Iowa.  Plots were grown on a disturbed native soil (Clarion Loam) rootzone with 
established ‘Snap Back’ tall fescue.  The research was conducted to determine which 
height of cut (3.81cm, 5.08 cm or 7.62 cm) performs best under simulated athletic field 
traffic. The same plots were used both years of the study.  
Plot Maintenance 
Turfgrass nutrients were supplied monthly from April to October with a 28-0-3 
nitrogen-phosphorous-potassium fertilizer at 24 kg of nitrogen ha-1. A preemergence 
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herbicide (Barricade) was applied on 15 April 2017 and 20 April 2018. Plots were 
irrigated as needed to prevent drought stress as determined by the primary investigator. 
Plots were allowed to recover after the 2017 simulated traffic season, and the same plots 
were used in 2018.  No additional seed was added to aid in recovery. Plots were also 
solid tine aerified on 10 May 2018 to help with recovery from traffic. 
Treatments 
The experimental design was a randomized block with three replications.  Three 
mowing height treatments included were 3.81 cm, 5.08 cm, and 7.62 cm height-of-cut 
(HOC).  Treatments were applied three times per week throughout the growing season 
using a Toro rotary push mower (Proline Commercial Mower, The Toro Co., Minneapolis, 
MN) and clippings were returned to the plots.  
Simulated Traffic 
Simulated traffic was applied to the entire study using a modified Baldree traffic 
simulator (BTS) similar to Dickson et al. (2018).  The BTS is a modified aerator (Procore 
648, The Toro Co., Minneapolis, MN) with artificial feet attached to the heads instead of 
tines.  These feet reciprocate and hit the turfgrass surface while the machine moves, 
simulating the dynamic forces of traffic stress (Thoms et al., 2011). Simulated traffic was 
initiated at the same time as the Iowa High School Football Season 7 August 2017 and 10 
August 2018. The research area received three simulated traffic events per week for nine 
weeks.  
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Data Collection 
The assessments of traffic tolerance were made by measuring percent green cover 
(Richardson et al., 2001) with digital image analysis (DIA) before simulated traffic, and 
after every 5 simulated traffic event similar to previous studies (Thoms et al., 2016; 
Brosnan et al., 2009). The digital images were captured with a Canon (G9X, Ota, Tokyo, 
Japan) digital camera using a light box described by Thoms et al. (2011). DIA can 
provide quantitative measurements of turfgrass cover while removing observational bias 
(Karcher, 2007).  Digital images were taken in the same three locations of each plot to 
track changes over time and were run through SigmaScan Pro software (v. 5.0; SPSS, 
1999) converted image pixelation measurements to turfgrass cover ratings, according to 
the methods of Richardson et al. (2001).  Green pixels were determined inside a hue 
range of 51 to 120 and saturation range from 0 to 100%.  The computer calculates 
turfgrass cover by dividing the number of green pixels by the total number of pixels in 
the image. 
A large focus of athletic field safety is testing surface hardness. The harder the 
surface, the greater the likelihood of a head injury. Surface hardness data were collected 
using a 2.25 kg Clegg Impact Soil Tester (Turf Tec, Tallahassee, FL) (CIST) released 
from a drop height of 45 cm. Surface hardness values were tested before simulated traffic 
and throughout the duration of simulated athletic traffic after every five simulated games. 
The CIST measures peak deceleration in a unit called gravities with the maximum 
gravities (GMAX) reported from deceleration of an accelerometer contacting the surface. 
This device can give an indication of surface hardness and is commonly used to test 
athletic fields (Thoms et al., 2016). The harder the surface the faster the deceleration. A 
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CIST reading is the average of three random drops. A total of three CIST readings were 
determined per plot on every testing date.         
Soil moisture has been reported to have a high correlation with surface hardness 
(Rogers III, 1988) with low soil moisture correlating to high surface hardness.  Soil 
moisture data were collected with a time domain reflectometer probe (TDR, Field Scout, 
Bridgend, UK).  The TDR was equipped with 7.62 cm tines.  Nine data points were 
collected in each plot next to the spots where surface hardness data were collected.   
Rotational resistance is the force needed to tear the turfgrass.  Rotational 
resistance values that are too high can cause lower extremity injuries because the grass 
will not tear as easily, while rotational resistance values that are too low can cause 
athletes to be unable to gain footing and again cause injuries (Aldahir and McElroy, 
2014).  Rotational resistance data were collected using a Shear Vane (Turf Tec, 
Tallahassee, FL), similar to how the National Football League tests the playing surface 
before each game. The shear vane tool was used by pushing the cleat at the bottom of the 
device into the ground and twisting with the provided torque wrench. The peak resistance 
of the torque wrench (Nm) was recorded. Three random locations were tested in each 
plot.   
Results and Discussion 
Percent Green Cover 
In 2017 after 5 simulated traffic events there were no differences in percent green 
cover amongst the HOC treatments with every treatment at 96% green cover (Table A.1). 
After 10 simulated traffic events the 3.81 HOC (94%) had greater percent green cover 
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than the 7.62 HOC (89%). There were no differences in percent green cover between 
treatments for the 5.08 cm HOC (91%).  After 15 simulated traffic events, The 3.81 cm 
HOC (75%) had greater percent green cover than either of the other two HOC (64%). 
Again after 20 simulated traffic events the 3.81 cm HOC (71%) was greater in percent 
green cover than 7.62 cm HOC (56%) and 5.08 cm HOC (55%). At the end of 25 
simulated traffic events, the 3.81 cm HOC (55%) had the greatest percent green cover as 
opposed to either the 7.81 cm HOC (44%) or the 5.08 cm HOC (42%).  
In 2018, all plots started with over 95% cover (Table A.1), and differences were 
present on the final 5 rating dates. After 5 games of simulated traffic both the 7.62 cm 
HOC (75%) and the 5.08 cm HOC (71%) had higher percent green cover than the 3.81 
cm HOC (65%). After 10 simulated traffic events, both the 7.62 cm (56%) and the 5.08 
cm (55%) had increased percent green cover as opposed to the 3.81 cm HOC (41%). 
Through 15 simulated traffic events, the 5.08 cm (34%) and 7.62 cm (33%) again had 
higher percent green cover than the 3.81 cm (25%) HOC. After 20 simulated traffic 
events, again the 7.62 cm HOC (25%) had greater percent green cover than the 3.81 cm 
HOC (20%) plots. At the conclusion of 25 simulated traffic events, the 3.81 cm HOC 
(13%) had lower percent green cover than the 5.08 cm HOC (18%). Percent cover by 
HOC was greatly variable by year. In 2017, the lowest HOC had a higher percent green 
cover than the highest HOC, while in 2018 the lowest HOC often had the least percent 
green cover. Increased turf cover has resulted in lower surface hardness measurement 
(Holmes and Bell, 1986; Rogers III, 1988). In 2018 there was much more wear from the 
simulated athletic traffic, perhaps the grass was not growing as fast to recover. After 5 
simulated traffic events in 2018 the percent cover was less than 75%, while that number 
42 
 
was not reached until after 15 simulated traffic events in 2017. At the end of 2017 the 
plots were from 42 to 55% green cover, while in 2018 the plots had 13-18% green cover. 
Perhaps this had to do with soil moisture, as the soil moisture was much higher at the 
start of 2018 as compared to 2017 (Table A.3). Dickson et al. (2017) and Thoms et al. 
(2011) both reported higher turfgrass cover loss when soil moisture was elevated as 
opposed to lower soil moisture readings. The early loss of turfgrass green cover could 
have resulted in more turfgrass wear in 2018 even though the soil moisture values did 
eventually become lower as the season progressed.  
Surface Hardness 
Few differences existed between treatments on many of the rating dates for 
surface hardness values with the 2.25 kg Clegg Impact Soil Tester (CIST). There was 
only one sampling date in 2017 and one in 2018 for which peak surface hardness varied 
between HOC treatments. In 2017, after 10 simulated traffic events the 7.62 cm HOC (62 
Gmax) and the 5.08 cm HOC (61 Gmax) had higher surface hardness values than the 
3.81 cm HOC (56 Gmax) [Table A.2]. In 2018, the 3.81 cm HOC (78 Gmax) and 5.08 
cm HOC (79 Gmax) had higher surface hardness values than the 7.62 cm HCO (72 
Gmax).  All treatments were similar on all other rating dates. Findings in this experiment 
supported those by Rogers III (1988), who reported that in general, turfgrass height of cut 
did not affect the impact absorption characteristics.  
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Soil Moisture 
 Volumetric water content or soil moisture only varied between treatments on one 
date in 2017 and no sampling dates in 2018 (Table A.3). After 20 simulated traffic events 
in 2017, the 7.62 cm HOC (54%) had a greater soil moisture content than the 5.08 cm 
HOC (51%). No differences between treatments were present in 2018. Soil moisture 
would vary more with different soil types than with different cutting heights, so results in 
this study are not unexpected.  
Rotational Resistance 
No differences were found in rotational resistance values in either year of the 
study (Table A.4). In 2017 rotational resistance values had very little variation over the 
traffic events with a low of 18 Nm and a high of 23 Nm. In 2018, after 5 simulated traffic 
events the range was 13 to 15 Nm. After 15 simulated traffic events the rotational 
resistance range was 20 to 21 Nm. These results were similar to findings from Rogers III 
and Waddington (1989) who reported no differences in shear resistance (Nm) between 
cutting heights.   
Conclusion 
Height of cut performance data varied by year. In the first year of the study the 
lower HOC maintained the highest percent green cover throughout the season, while the 
higher HOC did not perform as well. Those results changed in 2018 with the 3.81 cm 
HOC having the least green cover throughout the season. Perhaps environmental 
conditions, such was increased rainfall in a short period of time lowered turfgrass growth, 
and made turfgrass wear more aggressive in 2018, resulting in the differences in 
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treatment performance. There were very few differences between treatments for the other 
variables measured (surface hardness, rotational resistance, and soil moisture) in this 
study from which to draw any conclusions. As a result of this study, it could be hard to 
determine the preferred cutting height for tall fescue athletic fields in Iowa, and another 
year of data could help answer this question from a performance stand point. Future 
research needs to investigate optimal fertility for tall fescue athletic fields in Iowa, as 
well as how much seed to add back to tall fescue stands to limit the loss of turfgrass cover 
during the athletic season.  
References 
Adams, W.A., and R.J. Gibbs. 1989.  The use of polypropylene fibres (VHAF) for the 
stabilisation of natural turf on sports fields. Proc. of the Sixth Intl. Turfgrass Res. Conf. 
237-239. 
Aldahir, P.C.F., and J.S. McElroy. 2014. A review of sports turf research techniques 
related 
to playability and safety standards. Agron. J. July/August. 106(4):1297-1308. 
 
Beard, J. B., J.M. Vargas, Jr., and P.E. Rieke. 1973. Influence of the nitrogen fertility 
level on Tricholoma fairy ring development in Merion Kentucky bluegrass (Poa pratensis 
L.). Agron. J. November/December. 65(6):994-995. 
Brosnan, J.T., K.H. Dickson, J.C. Sorochan, A.W. Thoms, and J.C. Stier. 2014. Large 
crabgrass, white clover, and hybrid bermudagrass athletic field playing quality in 
response to simulate traffic. Crop Sci. 54:1838-1843. doi:10.2135/cropsci2013.11.0754.  
Bonos, S.A., E. Watkins, J.A. Honig, M. Sosa, T. Molnar, J.A. Murphy, and W.A. 
Meyer. 2001. Breeding cool-season turfgrasses for wear tolerance using a wear simulator. 
Intl. Turf. Soc. Res. J. 9:137-145.  
Carrow, R.N., A. Petrovic, and A. Martin. 1992. Effects of traffic on turfgrasses. In: 
Turfgrass.  D.V. Waddington, R.N. Carrow, and R.C. Shearman, Eds. Madison, WI: 
ASA, CSSA, & SSSA. 32:285-330. 
Christians, N. 2011. Fundamentals of turfgrass management, 4th ed. John Wiley & Sons, 
Hoboken, N.J. 
Christians, N.E., A.J. Patton, and Q.D. Law. 2017. Fundamentals of turfgrass 
management. 5th ed. Wiley, New York.  
45 
 
Dickson, K.H., J. C. Sorochan, J.T. Brosnan, J.C. Stier, J. Lee, and W.D. Strunk. 2018. 
Impact of soil water content on hybrid bermudagrass athletic fields. Crop Sci. May/June. 
58(3):1416-1425. 
Dickson, K.H., J.C. Sorochan, J.T. Brosnan, J.C. Stier, J.M. Zobel, and A.W. Thoms. 
2017. Crumb rubber depth is more important than particle size for improving 
bermudagrass traffic tolerance. Crop Sci. Sept./Oct. 57(5):2837-2842. 
Gadd, C.W. 1966. Use of a weighted impulse criterion for estimating injury hazard. In 
Proc. Of the 10th Stapp Car Crash Conf., Hollomon Air Force Base, N.M. Nov. 8-9.  
  
46 
 
Griffin, L.Y., M.J. Albohm, E.A. Arendt, R. Bahr, B.D. Beynnon, M. DeMaio, R.W. 
Dick, L. Engebretsen, W.E. Garrett, J.A. Hannafi n, T.E. Hewett, L.J. Huston, M.L. 
Ireland, R.J. Johnson, S. Lephart, B.R. Mandelbaum, B.J. Mann, P.H. Marks, S.W. 
Marshall, G. Myklebust, F.R. Noyes, C. 2006. Understanding and preventing non-contact 
anterior cruciate ligament injuries: A review of the Hunt Valley II meeting. Jan. 2005. 
Am. J. Sports Med. 34:1512-1532. doi:10.1177/0363546506286866.   
Gurdjian, E.S., V.L. Roberts, and L.M. Thomas. 1966. Tolerance curves of acceleration 
and intracranial pressures and protective index in experimental head injury. J. Trauma 
6:600-604. doi:10.1097/00005373-1966090000-00005.  
Gramckow, J. 1968. Athletic field quality studies. Cal-Turf, Camarillo, CA. 48.  
Henderson, R.L., D.V. Waddington, and C.A. Morehouse. 1990. Laboratory 
measurements of impact absorption on turfgrass and soil surfaces. In: R.C. Schmidt et al., 
eds. Natural and artificial playing fields: Characteristics and safety features, American 
society for testing and materials. Spec. Tech. Publ. 1073. American Society for Testing 
Materials, West Conshohocken, PA. 127-135.  
Holmes, G. and M.J. Bell. 1986. A pilot study of the playing quality of football pitches. J. 
Sports Turf Res. Inst. V. 62:74-91.   
Haselbuaer, W.D., A.W. Thoms, J.C. Sorochan, J.T. Brosnan, B.M. Schwartz, and W.W. 
Hanna. 2012. Evaluation of experimental bermudagrasses under simulated athletic field 
traffic with perennial ryegrass overseeding. HortTech. 22:94-98. 
Karcher, D. 2007. Digital imaging analysis to assess stress in turfgrass and other crop 
species. HortScience 42(4):815. 
McNitt, A.S., and P.J. Landschoot. 2001. The effects of soil reinforcing inclusions in an 
athletic field rootzone. Intl. Turfgrass Soc. Res. J. 9:565-572.  
McNitt, A.S. 1994. Effects of turfgrass and soil characteristics on traction. M.S. Thesis. 
Pennsylvania State Univ. University Park. PA.  
Middour, R.O. 1992. Development and evaluation of a method to measure traction on 
turfgrass surfaces. M.S. Thesis. Pennsylvania State Univ. University Park. PA.  
Minner, D.D., J.H. Dunn, S.S. Bughrara, and B.S. Fresenburg. 1993. Traffic tolerance 
among cultivars of Kentucky bluegrass, tall fescue, and perennial ryegrass. Intl. Turfgrass 
Soc. Res. J. 7:687–694. 
Rogers, J.N. III., and D.V. Waddington. 1989. The effects of cutting height and verdure 
on impact absorption and traction characteristics in tall fescue turf. J. Sports Turf Res. 
Inst. 65:80-90. 
Rogers III, J.N. 1988. Impact absorption and traction characteristics of turf and soil 
surfaces. Ph.D. Dissertation. Pennsylvania State Univ. University Park, PA.   
47 
 
Richardson, M.D., D.E. Karcher, and L.C. Purcell. 2001. Quantifying turfgrass cover 
using digital image analysis. Crop Sci. 41:1884–1888. 
Shearman, R.C., and J.B. Beard. 1975a. Turfgrass wear mechanisms: I. Wear tolerance of 
seven turfgrass species and quantitative methods for determining wear injury. Agron. J. 
67:208-211.  
Shearman, R.C., and J.B. Beard. 1975c. Turfgrass wear mechanisms: III. Physiological, 
morphological, and anatomical characteristics associated with turfgrass wear tolerance. 
Agron. J. 67:215-218.  
Trappe, J., A. Patton, M. Richardson, and F. Waltz. 2008. Bermudagrass cultivars differ 
in their traffic tolerance. In 2008 annual meeting abstracts. ASA, CSSA, and SSSA, 
Madison, WI. 
Thoms, A.W., J.C. Sorochan, J.T. Brosnan, and T.J. Samples. 2011. Perennial ryegrass 
(Lolium perenne L.) and grooming affect bermudagrass traffic tolerance. Crop Sci. 
51(5):2204-2211.  
Thoms, A.W., J. C. Sorochan, J. T. Brosnan, and T. J. Samples.  2011.  Effects of 
perennial ryegrass overseeding and mowing and bermudagrass traffic tolerance.  Crop 
Science. 51: 2204-2211. 
Thoms, A.W., J.T. Brosnan, and J.C. Sorochan.  2016. Root zone construction affects 
hybrid bermudagrass (C. dactylon x C. transvaalensis) responses to simulated traffic. 
Procedia Engineering. 147:824-829. 
 
 
  
48 
 
Table A.1 Effect of various ‘Snap back’ tall fescue mowing heights on 
percent green cover under simulated athletic traffic, in Ames, IA, in 
2017 and 2018.   
 Number of Simulated Traffic Events1   
Mowing 
Height2 0 5 10 15 20 25    
 2017 Percent Green Cover    
3.81 cm 953 96 94 75 71 55    
5.08 cm 97 96 91 64 55 42    
7.62 cm 97 96 89 64 56 44    
LSD (0.05)4 2 1 3 9 11 10    
 2018 Percent Green Cover    
3.81 cm 96 65 41 25 20 13    
5.08 cm 97 71 55 34 22 18    
7.62 cm 96 75 56 33 25 15    
LSD (0.05)4 1 5 6 5 4 4    
1Simulated athletic events applied using a modified Baldree traffic simulator  
starting on 7 Aug. 2017 and 10 Aug. 2018.  
2Mowing height treatments were applied using a Toro rotary push mower 
applied 3 times a week during the growing season.   
3Percent green cover as determined with digital image analysis.  
4Means were separated using Fishers LSD. 
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Table A.2 Effect of various ‘Snap back’ tall fescue mowing heights on 
surface hardness (GMAX) using a 2.25 kg Clegg Impact Soil Tester under 
simulated athletic traffic, in Ames, IA, in 2017 and 2018. 
Number of Simulated Traffic Events1 
Treatment2 5 10 15 20 25 
 2017 Surface Hardness (GMAX) 
3.81 cm 513 78 101 65 75 
5.08 cm 53 79 99 64 80 
7.62 cm 52 72 105 60 73 
LSD (0.05)4 6.4 5 22.4 6.7 12.7 
 2018 Surface Hardness (GMAX) 
3.81 cm 323 56 82 78 114 
5.08 cm 33 61 82 78 112 
7.62 cm 33 62 80 76 114 
LSD (0.05)4 2 5 3 4 5 
¹Simulated athletic events applied using a modified Baldree traffic simulator  
starting on 7 Aug. 2017 and 10 Aug. 2018.  
2Mowing height treatments were applied using a Toro rotary push mower 
 applied 3 times per week during the growing season. 
3Surface hardness values collected using a 2.25 kg Clegg Impact Soil Tester. 
4Means were separated using Fishers LSD and significant at the 0.05 level of significance.  
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Table A.3 Effect of various ‘Snap back’ tall fescue mowing heights on 
soil moisture (VWC%) using a Field Scout TDR 350 under simulated 
athletic traffic, in Ames, IA, in 2017 and 2018. 
Number of Simulated Traffic Events1 
Treatment2 5 10 15 20 25 
 2017 Soil Moisture (VWC%) 
3.81 cm 37 42 57 53 46 
5.08 cm 37 42 56 51 45 
7.62 cm 37 41 55 54 46 
LSD (0.05)4 4 5 3 2 5 
 2018 Soil Moisture (VWC%) 
3.81 cm 57 47 39 37 32 
5.08 cm 59 47 40 38 32 
7.62 cm 57 47 42 36 33 
LSD (0.05)4 4 5 5 3 2 
 
 
 
 
 
  
¹Simulated athletic events applied using a modified Baldree traffic simulator  
starting on 7 Aug. 2017 and 10 Aug. 2018.  
2Mowing height treatments were applied using a Toro rotary push mower 
 applied 3 times per week during the growing season. 
3Soil moisture values collected using a Field Scout TDR 350. 
4Means were separated using Fishers LSD and significant at the 
 0.05 level of significance.  
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Table A.4 Effect of various ‘Snap back’ tall fescue mowing heights on rotational 
resistance using a shear vane under simulated athletic traffic, in Ames, IA, in 2017 
and 2018. 
Number of Simulated Traffic Events1 
Treatment2 5 10 15 20 25 
 2017 Rotational Resistance (Nm) 
3.81 cm 20 23 22 19 21 
5.08 cm 21 22 19 19 22 
7.62 cm 20 22 20 18 19 
LSD (0.05)4 1 3 5 3 4 
 2018 Rotational Resistance (Nm) 
3.81 cm 13 16 21 28 20 
5.08 cm 15 16 20 26 21 
7.62 cm 14 15 21 27 22 
LSD (0.05)4 3 3 3 4 10 
 
 
 
 
 
 
 
¹Simulated athletic events applied using a modified Baldree traffic simulator starting on 7 Aug 
. 2017 and 10 Aug. 2018.  
2Mowing height treatments were applied using a Toro rotary push mower applied 3 times 
 per week during the growing season. 
3Rotational Resistance values collected using a shear vane. 
4Means were separated using Fishers LSD and significant at the 0.05 level of significance.  
